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ULTRASONIC SPECTRAL ANALYSIS FOR CHARACTERIZATION OF COMPOSITES 
ABSTRACT 
N. K. Batra 
Mechanics of Materials Branch 
Naval Research Laboratory 
Washington, D.C. 20375-5000 
The attenuation of propagating ultrasound through heterogeneous materials such as fiber 
reinforced epoxy composites containing chopped fibers with random orientation is predominantly 
due to scattering from the fibers as well as from discontinuities such as pores and is consequently 
frequency dependent. In this paper, we determine the frequency dependent attenuation from the 
downshifted spectra of the transmitted broadband wavepacket. Such a technique, frrst used for 
medical ultrasound, can be very useful for characterization of acoustically very lossy composites, 
because spectral shifts for such materials can be particularly significant. Experimental results 
and ana1ytical models are presented for the non-destructive characterization of such composites 
by this method. 
INTRODUCTION 
Attenuation of ultrasonic waves propagating through a material is an important physical 
parameter. It gives us an indirect measure of the composition of the material. Certain consti-
tuents, such as fibers in the host matrix, can be added intentiona1ly in order to create materials 
such as composites which are lighter and stronger than conventional structural materials, such as 
steel, aluminum and titanium, etc. In order to characterize these composite materials nondes-
tructively, one needs to measure the attenuation and/or velocity of the propagating ultrasound 
through such materials and relate these acoustic parameters with the material properties or varia-
tion thereof. In this paper we concentrate on the measurement of attenuation in materials which 
are highly attenuative. The pulse-echo [1] technique which is commonly used in measurements 
of attenuation is inadequate, due to lack of multiple echoes, as seen in acoustically transparent 
parallel plate metallic specimens. Recently Batra and Delsanto [2] have used wedge shaped 
specimens to measure attenuation in these materials, using an ultrasonic interferometric tech-
nique. Such a technique, however, requires a special geometry of the specimen and therefore 
can be of limited use. The attenuation in a material is loss in energy due to absorption and 
scattering. In general, the signal to noise ratio is very poor and, depending on the thickness of 
the specimen, one may not be able to observe a transmitted pulse. One can determine the 
attenuation from this pul se using a substitution method [3] or by time delay spectroscopy [4]. 
Neither of these methods yields information about the frequency dependence of the attenuation, 
unless by sweeping the frequency. 
In this paper, we determine the frequency dependence of the attenuation from an analysis of 
the downshifted spectra of a transmitted broad band wavepacket. Such a technique has been 
used for characterization of tissues and, as we will show in the following section, is very useful 
in determining the attenuation in very lossy composites. 
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THEORY 
An ultrasonic wave propagating through an inhomogeneous material suffers losses in 
energy due to scattering. which can be caused by spatial variations in absorption properies or in 
material density and/or in wave velocity. We assume that the attenuation in a signal propagating 
through such a dispersive material is frequency dependent and is given by 
a(j) = aor (1) 
where ao and n are material characteristics. 
We briefly review and extend the mathematical analysis of Narayana and Ophir [5] . Let us 
consider a rectangular burst of amplitude Ao. duration To and center frequency 10. incident on a 
plane parallel plate of composite material. Such a pulse in the time domain can be written 
h(t) = Aocos (2·1I"!0t) for Iti < Tol2 
= O for Iti > T 012 
Its Fourier transform [6] is given by 
H(j) = A6 To [Q(j + 10) + Q(j - 10)] 
sin (7rT of) 
where Q(j) = ----
7rTof 
The frequency spectrum of the incident pulse is then given by 
A02 To sin 7rTo(j - 10) 
I(j) = -------
7rTo(j - 10) 
(2) 
(3) 
(4) 
When such a pulse is transmitted through an attenuating material. 60th the amplitude of its 
center peak and its bandwidth decrease. Further. if the attenuation is frequency dependent 
(assume n > 1). then the amplitude at higher frequencies is attenuated more than at lower fre-
quencies. Consequently there is an apparent frequency shift of the peak. In the following sec-
tion we will show that the attenuation of the material can be determined from this shift in fre-
quency of the central maximum (peak). 
We describe the medium of propagation by 
M(j) = e-a(J)z (5) 
where a(j) is given by Eq. (1) and z is path of propagation in the lossy material. The spectrum 
of the signal transmitted through the material is given by 
T(j) = I(j) ® M(j) (6) 
In order to fmd the shift in center frequency 10. we set 
dT(j) I = O 
dl 1 =1, (7) 
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where le is the center frequency of the received wavepacket, Le. 
d [A6ToSin21rTo(f -/0) -aofnzJ 
- e =0 
dl 21rTo(f - 10) 1 =1< 
Upon simplification, one obtains, 
sin 7fTo(fe - 10) [ ] 
cos 7fTo(fe - 10) - ncxoZf~ -I(fe - 10) + 1 = O 7fTo(fe - 10) 
Let 
then Eq. (9) can be written as 
Let 
then 
or 
7fTo ~_~n -1 _ 
nUU/e - -z- [ _1 _1.] tanx x 
y = [_1 _1.] 
tan x x 
ncxor-I=~YTo 
e Z 
7f' YTo 
cx - - --- nepers cm- I MHz-n 
o - z n/~-I 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
For the purpose of analyzing the experimental data, one can write Eq. (14) in a linear form by 
taking the logarithm of both sides. From this linear relationship, one can determine n or cxo, by 
measuring le for two different values of To or 10. The attenuation in the material at frequency 
lois then determined by 
cx = 8.686 cxnf3 dB cm- I (15) 
where the material parameters CXo and n have been determined by the procedure outlined above. 
EXPERIMENTAL SET-UP AND RESULTS 
Figure 1 shows the experimental set up. Two matched 2.25 MHz broadband immersion 
transducers were used to transmit and receive a rectangular toneburst through a parallel plate 
specimen (70 mrn X 40 mrn X 8 mrn). A rectangular toneburst of a given frequency is gen-
erated by gating a continuous wave rf signal with a very precise rectangular pulse. The ampli-
fied toneburst is used to excite the transmitter. Both incident and the received signals are moni-
tored on a scope to make sure that the amplifier gains are proper and the shape of these pulses is 
rectangular as desired. 
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Fig. 1 - Experimental set-up 
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Fig. 2 - Spectrum of toneburst propagated through water 
3.2 
First, the transducers are aligned without the specimen and the spectrum of the pulse pro-
pagating through water is analyzed. The effect of amplifier gains on the shape and peak fre-
quency of the pulse transmitted through water is studied by attenuating the incident pulse (Fig. 
2) . It is clear that the peak frequency does not shift as a function of artifacts such as amplifier 
gain etc. It is expected this to be the case even in the presence of the specimen. 
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Figures 3(a-c) show the changes to the center frequency of the peak for various durations 
of the incident rectangular toneburst. These effects are caused by attenuation in the specimen. 
For each T o' the upper trace shows the spectrum of the pulse propagated through water. When 
the specimen is inserted between the transducers, three things happen: (1) the amplitude of the 
,peak drops, (2) the position of the center peak is downshifted, and (3) the bandwidth of the 
center peak decreases. The incident pulse for water as specimen is attenuated by 20 dB, to keep 
its spectrum on the page along with that of the composite material for comparison and analysis. 
As To increases, e.g. from broadband to narrowband (quasi continuous waves), the shift in the 
frequency decreases, as one would expect qualitatively. But the number of sidelobes also 
increases as To increases from 6 p,sec to 11 p,sec. Using these measured values of f o andfc' in 
Eq. (14) values, we tind from a set of simultaneous equations, a value of n = 58, which is 
r 2 .690 
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Fig. 3(a) - Spectrum of toneburst of duraction 6 p,s propagated 
through composite and water 
2.9 
rather high. But it indicates that, due to various heterogeneities present in the specimen, the 
attenuation is mostly due to scattering and depends strongly upon frequency. The amount of 
attenuation due to scattering at 2;7 MHz was determined to be about 16 to 20 dB/cm depending 
upon the location in the specimen. The total attenuation in these materials determined earlier [2] 
by using a wedge specimen was found 10 be - 32 dB/cm. From the above data, using a substi-
tution technique analysis, the total attenuation tums out to be 27 dB/cm, which agrees well with 
previous results. This variation of 15% in the measured value can easily be caused by hetero-
geneities in the material. By measuring the frequency dependent component of the attenuation, it 
is demonstrated that in these materials the attenuation is indeed dominated by losses in energy 
due to scattering. 
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TO = 7.25 p,s 
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Fig. 3(b) - Spectrum of toneburst of duration 7.2 ILS propagated 
through composite and water 
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Fig. 3(c) - Spectrurn of toneburst of width 11 ILS propagated 
through composite and water 
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SUMMARY 
In this paper we have shown that for highly attenuative materials which can barely transmit 
ultrasound, measurement of attenuation by frequency shift in the spectra of a transmitted 
wavepacket of known shape, is a viable technique for characterization of such materials. Other 
types of wavepackets and specimens of other composite materials, in which scattering of the 
ultrasound is the dominant cause of attenuation, are being tested to establish further the validity 
and accuracy of the above technique. The model will be extended to correlate the frequency 
shift in the side lobes of a transmitted pulse. It is expected that side lobes will have higher fre-
quency shift and will give increased accuracy. 
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